A retrospective study of red blood cell parameters in 53 dogs with experimental radiation-induced hemangiosarcoma showed 24 had anemia. Morphologic alterations in red blood cells in peripheral blood films from anemic dogs included signs of regeneration (anisocytosis and polychromasia), hypochromasia, red cell fragmentation and acanthocytosis.
The association of anemia with neoplasms is common in both man and animals [5, 8, 24, 25, 27, 33, 35, 43, 46, 51, 58, 63, 671 . Such anemias arise from a variety of mechanisms. If the neoplasm replaces a large proportion of marrow, a non-regenerative myelophthisic anemia may result [ 10, 30, 34, [38] [39] [40] 551 . Neoplasms that cause chronic wasting disease usually are accompanied by nonregenerative anemias caused by marrow depression and short red cell lifespan as a result of enhanced reticuloendothelial phagocytosis of the red blood cells [21, 24, 25, 28, 30-32, 53, 691 . If neoplastic proliferation is extreme, competition for nutrients may develop between red cell precursors and neoplastic cells, with anemia as the end result [3, 14, 29, 44, 49, 50, 52, 541 . If hemorrhage from a neoplasm occurs, a typical regenerative anemia secondary to blood loss may develop 1401.
In general, the anemias associated with neoplasms are non-specific and are of little diagnostic, therapeutic or prognostic significance. One form of anemia seen with neoplasms, microangiopathic hemolytic anemia, merits special consideration. Mi-croangiopathic hemolytic anemia is a fragmentation anemia that results when red cells are forced to traverse altered vascular channels. In man, fragmentation anemias of this kind have been described in association with both carcinomas and cavernous hemangiomas [9, 33, 35, 43, 51, 63, 671 . The occurrence of fragmentation anemias also has been documented in non-neoplastic conditions such as disseminated intravascular coagulopathy [7, 35, 421, malignant hypertension [l, 7, 13, 37, 42, 46, 641, cardiac valvular disease [lo, 45, 56, 59, 621 , and renal disease [6, 42, 46, 481, presumably caused by local trauma to circulating red blood cells.
Fragmentation anemias in animals have received less attention than those in man. Most veterinary textbooks briefly mention fragmentation anemias and cite the association of fragmentation with microangiopathy and disseminated intravascular coagulopathy [57] . Disseminated intravascular coagulopathy in association with hemangiosarcoma has been documented in the dog [4 1,681 but red cell morphology has not been described. Three cases of acanthocytosis in dogs with hemangiosarcoma have been described [26] . Red cell fragmentation was seen in the peripheral blood of two of three recent cases of spontaneous hemangiosarcoma in the dog. None of these dogs died with disseminated intravascular coagulopathy (531.
Hemangiosarcomas have been the most common tumors found in Beagle dogs from the Lovelace Inhalation Toxicology Research Institute after inhalation exposure to soluble 90SrC12 and '44CeC4 and relatively insoluble ? 3 r and '44Ce in fused aluminosilicate particles. The morphologic features of these neoplasms have been reported [4] . Many of these dogs had anemia at least during the terminal stages of their neoplastic disease. This report documents the high incidence of red blood cell fragmentation in association with these radiation-induced hemangiosarcomas and describes the pathogenetic, diagnostic, and prognostic significance of these fragrnentation anemias.
Materials and Methods
The 53 Beagle dogs in this retrospective study were exposed briefly by inhalation to achieve graded lung burdens of wSrC12, '44CeCls, wSr in fused ahminosilicate, or ' "Ce in fused aluminosilicate, were maintained for lifetime observation, and were diagnosed to have hemangiosarcoma either antemortem by biopsy or at necropsy. All dogs died and were necropsied.
Peripheral blood was sampled every 3 months except in clinically ill dogs, in which case samples were collected more frequently. Blood cell tests included total red blood cell count, millions/pl (Model F Coulter Counter, Hialeah, Florida); packed cell volume (PCV), % (International Equipment Co, Model MB centrifuge, Needham Hts, Mass 02194); and hemoglobin, gm/dl (Coulter Hemoglobinometer, Hialeah, Florida, 33014).
Peripheral blood films from dogs in the terminal stages of hemangiosarcoma and films from 10 clinically normal dogs were evaluated without knowledge of either hematologic values or the principal site of neoplastic involvement. All blood films were stained with Wright's stain. Films were specifically evaluated for evidence of red cell marrow regeneration, red cell fragmentation, acanthocytosis and red cell hypochromasia and were semi-quantitatively rated on a scale of increasing severity from 0 to 4 in each of these categories. Normal red blood cells were uniform in size and shape and tinctorial characteristics. Morphologic features accepted as evidence of red cell marrow regeneration included variation in cell size (anisocytosis) and increased numbers of polychromatophilic erythrocytes. Because the study was retrospective, reticulocyte counts were not done. Red cell fragments (schizocytes) were defined as small irregularly shaped (often triangular) poikilocytes. Acanthocytes were defined as red blood cells with two to 10 blunt finger-like projections extending from the red cell membrane. Hypochromatic red cells were recognized morphologically as being pale with exaggerated unstained central areas.
Dogs were grouped according to principal site of tumor involvement. In dogs with widespread metastases, determination of site of origin was not always possible. Principal site of tumor involvement therefore was defined as that organ containing greatest total tumor mass.
Neoplastic tissue collected at necropsy was fmed in 2% glutaraldehyde and prepared for both transmission and scanning electron microscopy by standard techniques. Tissue samples from adjacent areas of the neoplasm were fixed in 10% buffered formalin for light microscopy.
Results
Selected mean laboratory parameters for normal mature Beagle dogs (older than 3 years) in our colony and the Beagles with hemangiosarcoma are in table I. Twentyfour of 53 Beagles with hemangiosarcoma (45%) were anemic (PCV more than two standard deviations below the mean for normal mature Beagles). The highest incidence of anemia was in dogs with hemangiosarcomas of bone (10 of 15) and the lowest incidence was in dogs with hemangiosarcomas involving the heart (one of eight).
Morphologically, red blood cells in peripheral blood films from control dogs were uniform in size, shape and color ( fig. I) . Morphologic alterations in peripheral blood cells from dogs with hemangiosarcomas are seen in figures 2-4. Principal alterations included evidence of red cell regeneration, red cell fragmentation, acanthocytosis and hypochromasia. The degree of severity of red cell abnormalities varied from dog to dog.
At least 70% of all dogs with hemangiosarcoma principally involving the heart, liver, lung or skeleton had some form of altered red cell morphology in the peripheral ' Statistically significant (p = 0.05) by Students t test. 
Fragmentation 1.8 (7) 1.8 ( 5 ) 0.7 (9) 1.0 (10)
Based upon a scale of increasing severity of 0 to 4.
Numbers in parentheses are the number of dogs in each group with red cell alteration.
blood (table 11) . Only one of three dogs with splenic hemangiosarcoma had altered red cell morphology. Blood cells from dogs with hemangiosarcomas principally involving the liver had the most frequent and severe changes. Red cell regeneration was a prominent feature of peripheral blood cells from dogs with hemangiosarcoma of the liver and also was seen frequently in dogs with hemangiosarcomas principally involving lung or skeleton. Red cell regeneration was not a feature of hemangiosarcomas of the heart. In contrast, red cell fragmentation was most prevalent and most severe in blood from dogs with either hemangiosarcoma of the liver or the heart. Acanthocytes were seen in blood films from dogs with hemangiosarcomas involving the heart, liver, lungs and bone, but were most numerous and had the largest number of pseudopodia in blood from dogs with hemangiosarcomas of the liver.
Coagulation studies were done on only five dogs with severe red cell fragmentation. Only one had abnormal coagulation parameters (increased fibrin degradation products, prolonged partial thromboplastin time).
At necropsy, all hemangiosarcomas of the liver, heart and skeleton had metastasized. Only 17 of 20 hemangiosarcomas principally involving lung had metastasized. The relationship between morphologic red cell alterations and occurrence of metastasis is summarized for the pulmonary tumors in table 111. Blood cells from 11 of 17 dogs with pulmonary tumors with metastasis had either fragmentation, acanthocytosis, or both. In the three dogs with pulmonary hemangiosarcomas without metastasis there was no evidence of red cell alteration in peripheral blood. Transmission and scanning electron micrographs from tumor masses from selected dogs with peripheral blood alterations showed large amounts of fibrin within neoplastic vascular sinuses ( fig. 5-8 ). Scanning electron micrographs showed vascular lining cells coated by a meshwork of fibrin and platelets ( fig. 5 ). Numerous intact red blood cells and red cell fragments were trapped within this fibrin network ( fig. 6-7) . Morphology of red cell fragments in scanning electron micrographs was similar to that seen in peripheral blood films. In transmission electron micrographs, fibrin strands adhered to the surface of blood cells free within vascular lumina. In some cases, fibrin strands connected luminal red blood cells to each other, to luminal white blood cells, or to neoplastic lining cells. Many red blood cells trapped by fibrin were distorted or fragmented ( fig. 8 ).
Discussion
A high percentage of dogs with radiation-induced hemangiosarcoma had anemia (table 1). The pathogenesis of these anemias is best clarified by considering both the natural history of neoplasms involving different principal sites and the ultrastructural morphologic features of the neoplasms themselves.
Red cell regeneration was most prevalent in dogs with hemangiosarcomas of the liver, lung and bone. Both external hemorrhage through the gastrointestinal or respiratory tracts and hemorrhage within either primary or metastatic tumors were a relatively constant feature of these neoplasms. Simple blood loss was partially responsible for the anemia seen. Mild hypochromasia is a feature of most regenerative anemias in the dog since young red blood cells (reticulocytes) lack a full complement of hemoglobin. More severe hypochromasia and associated poikilocytosis is seen when iron is lost from the body via external hemorrhage or cannot be mobilized quickly enough to keep pace with the demand for red cell production.
Evidence of red cell regeneration was not seen in dogs with hemangiosarcomas principally involving heart; only one dog with cardiac hemangiosarcoma was frankly anemic. Blood films examined from these dogs were taken anywhere from 1 month to several days before death. All of the hemangiosarcomas of the heart involved the atria. Death in all cases occurred as a result of acute hemorrhage into the pericardium (cardiac tamponade). Thus, death occurred before the bone marrow had time to respond. While simple blood loss accounts for the regenerative nature of most of these anemias, uncomplicated hemorrhagic anemias are generally not characterized by red blood cell fragmentation. Transmission and scanning electron micrographs of the neoplasms showed that red cell fragments were formed when normal red blood cells were torn apart while passing through the meshwork of fibrin deposited upon the surfaces of neoplastic endothelial cells and within the sinusoidal lumina. The observations correlate well with studies defining the probable pathogenesis of red cell fragmentation in disseminated intravascular coagulopathy syndromes [7-9, 1 1, 121. These studies demonstrated the traumatic disruption of red blood cells caught upon fibrin clots formed in vitro. Traumatic fragmentation anemia as occurred in the present studies is a classic example of microangiopathic hemdytic anemia; the sarcoma itself consisted of numerous tortuous abnormal vessels filled with a network of fibrin through which normal red cells must attempt to pass. Previous studies describing fragmentation anemias in neoplasms in man usually have associated fragmentation with coexisting disseminated intravascular coagulopathy [7, 8, 351 .
In our study, however, there was laboratory evidence of disseminated intravascular coagulopathy in only one of the five dogs in which coagulation studies were done. When these data are considered in conjunction with the morphologic evidence of traumatic fragmentation within the neoplastic masses themselves, it appears likely that many of these fragmentation anemias occurred as a result of localized trauma to red cells. A localized syndrome of red cell fragmentation has been proposed as a pathogenetic mechanism of anemia in cases of cavernous hemangioma in man [33].
In order for microangiopathic fragmentation anemias to result from localized trauma to circulating red cells, the total neoplastic mass should be large and the blood flow through the neoplasm also would be significant. The most severe fragmentation was seen in cases of hemangiosarcoma involving heart or liver. Hemangiosarcomas of the heart usually involved the full thickness of the right atrial wall and consequently all blood flowing through the dog flowed through, or adjacent to, the tumor mass. In addition, turbulent blood flow caused by alteration of atrial structure also may have contributed to fragmentation; red cell fragmentation is common in man and dogs with artificial heart valves [19, 45, 59, 621. Hemangiosarcoma of the liver was usually diffuse, causing massive liver enlargement. Blood flow through these diffuse hepatic masses probably represented a significant proportion of total hepatic flow.
The relationship of tumor mass to the degree of red cell fragmentation is further suggested by the data (table 111) relating the presence of fragmentation and metastasis in the case of hemangiosarcomas involving lung. Dogs with primary pulmonary hemangiosarcoma without metastasis did not have red blood cell fragmentation. Tumors in these dogs were single localized lung nodules; only a small percentage of total pulmonary blood flow passed through the neoplasm. Eleven of 17 dogs with metastatic hemangiosarcoma of the lung, however, had peripheral red cell fragmentation. Metastases were widespread within the lung and throughout the body. Consequently, both total neoplastic mass and blood flow through the neoplasm was relatively large. The recognition of red cell fragmentation in the peripheral blood therefore is not a good diagnostic tool for hemangiosarcoma because small lesions do not produce changes. Red cell fragmentation without evidence of disseminated intravascular coagulopathy in confirmed cases of hemangiosarcoma should suggest an ominous prognosis.
To attribute fragmentation solely to localized mechanical trauma to circulating red cells may be an oversimplification of a more complex pathogenesis. One of the mechanisms involved in removing aging red cells from circulation is the so-called conditioning in the spleen [22, 231. In the normal spleen, red cells are exposed to an adverse microenvironment of low oxygen tension. Old red cells with a low intracellular content of adenosine triphosphate (ATP) are more susceptible to these stresses. As a result they undergo sphering and are destroyed. Considerable blood stasis probably occurs in the altered vascular spaces within hemangiosarcomas, thus creating an adverse anoxic microenvironment. Fragmentation probably occurs more readily than normal in red cells that have been thus conditioned. In addition, many of these anemias are hypochromic because of blood loss and inadequate iron mobilization. The greater susceptibility of hypochromic red cells to mechanical distortion during circulation has been noted [57] .
In fragmentation anemias associated with hemangiosarcomas there is a high incidence of acanthocytes. Acanthocytic anemias in man have been described in association with abetalipoproteinemia and chronic liver disease [2, 20, 36, 47, 611 . Pathogenetic studies have shown abnormal cholesterol/phospholipid ratios in the red cell membranes of affected individuals [15-18, 47, 61, 65, 661 . A case of spur cell anemia associated with chronic liver disease has been described in the dog [60] . A future report from this laboratory will deal with acanthocytic anemias in dogs with chronic liver disease and will establish altered cholesterol/phospholipid ratios in the red cell membranes. In the present hemangiosarcoma study, the highest occurrence of acanthocytosis was in association with hepatic neoplasms and was probably the result of altered hepatic lipoprotein metabolism. The origin of acanthocytosis in hemangiosarcoma involving other sites is less easily explained. It is possible that acanthocyte formation results from a variety of pathologic conditions. The possible contribution of adverse microenvironmental factors to acanthocyte formation should be considered. 
